Through loss-and gain-of-function experiments in knockout and transgenic mice, into osteoblasts is a well-organized process that is carefully guided and characterized by various factors, such as runt-related transcription factor 2 (Runx2), β-catenin, osteocalcin (OCN), alkaline phosphatase (ALP) and activating transcription factor 4
| INTRODUC TI ON
As osteoblasts are short-lived and in need of being constantly replenished with new cells to maintain the synthesis of bone matrix, their mesenchymal stem cells (MSCs) are considered to play essential roles in bone regeneration. By controlling proliferation, self-renewal and differentiation, MSCs maintain a balance between bone formation and bone resorption. 1 Several studies have revealed that bone formation defects may result from the decline of MSCs osteogenic differentiation. [2] [3] [4] In C elegans, abnormal dauer formation protein functions in determining the lifespan via mediating metabolic adaptation and resistance to oxidative stress. 5 In mammals, FOXO is the vertebrate orthologue of DAF-16. as delayed bone fracture healing and osteoporosis, an ageing-related bone loss disease. 7, 8 Furthermore, MSC-based therapy has yielded encouraging outcomes in the treatment of bone formation defect diseases. 4 Therefore, finding the mechanism of FOXO-mediated MSCs differentiation may provide another promising drug development target to antagonize bone formation defect diseases.
In this review, we summarized the roles of FOXO transcription factors played in periods of osteogenic differentiation, from initiation to lineage commitment to terminal differentiation.
| S TRUC TUR AL AND FUN C TIONAL REL ATI ON S HIPS OF FOXO ISOFORMS
The FOXOs belong to the forkhead transcription factor family, which is characterized by a winged-helix DNA-binding motif (the
so-called forkhead domain). In mammalian cells, four FOXO isoforms have been identified and characterized: FOXO1 (FKHR), FOXO3
(FKHRL1), FOXO4 (AFX or Mllt7) and FOXO6.
| Function of FOXO family members in mammalian stem cells
FOXO family members are reported to play essential roles in various stem cells and their located systems, such as regulating proliferation and self-renewal capacity of neural stem cell (NSC), 9, 10 and intracellular oxidative stress and cell number of hematopoietic stem cells (HSCs) 11 and osteoblasts. 12, 13 Besides, cell homoeostasis, cellular survival, cell-cycle arrest, autophagy, inflammation and cell differentiation have also been shown to be affected by FOXO transcription factors. Moreover, alterations in FOXO-regulated transcription are closely related to human diseases, such as bone formation defect diseases, as mentioned above.
| Distribution and function of FOXO isoforms
FOXOs are relatively ubiquitously expressed, with FOXO1 expression being the highest in the adipose tissue, liver and bone. [14] [15] [16] FOXO3 is predominantly expressed in the heart, brain, kidney, ovary and bone. 10, 16 FOXO4 shows the highest expression in the muscle, heart and bone. 14-16 FOXO6 appears to be uniquely expressed in the brain, liver and oxidative muscle. [17] [18] [19] Nevertheless, FOXO1, FOXO3
and FOXO4 are all expressed in bone cells. 12, 20 Through loss-and gain-of-function experiments in transgenic and knockout mice, mice lacking the FOXO alleles were shown to display remarkably different phenotypes. 21 Deletion of FOXO1 is lethal due to defective angiogenesis 21 factors. In osteogenic differentiation, the expression of runt-related transcription factor 2 (Runx2) and nuclear translocation of β-catenin are required at the early stage 27 ( Figure 1 ). The development of a committed osteoblast precursor into a mature one can be characterized by the activity and expression of alkaline phosphatase (ALP) and categorized into the phase of maturation. 27 In turn, mature osteoblasts will become entombed in osteoids to become osteocytes.
Osteocytes synthesize osteocalcin(OCN) and bone matrix, which are mediated by β-catenin, to initially form the bone mass and later function in bone remodelling and mineral metabolism. 
| The roles of FOXO isoforms played in the osteogenesis of MSCs in transgenic mice models
By interrupting osteogenic differentiation, mice lacking the FOXO alleles in osteoblastic progenitors (including early progenitors and committed osteoblast precursors) and mature osteoblasts were revealed to display a remarkably high bone mass phenotype 29 or
an osteoporosis phenotype 12, 20 in different studies via loss-and 
| The FOXO members mediate the stages of osteogenic differentiation

| FOXO deficiency initiates osteogenic differentiation in MSCs
MSCs are known to have low levels of intracellular ROS due to the high expression of antioxidant-like glycolysis to manage oxidative stress. 43 Compared with MSCs, more committed osteoblast precursors were observed to have higher levels of antioxidant enzymes, such as Mn-SOD and catalase, indicating an increase in intracellular ROS levels during differentiation. 44 This phenomenon was paralleled with a metabolic switch from glycolysis to enhanced mitochondrial respiration to ensure a sufficient energy supply to complete differentiation. 45 Additionally, the perinuclear arrangement of mitochondria determined stem cell differentiation competence. 46 Thus, increased ROS levels may act as an intracellular signal to drive MSCs to exit from quiescence and result in the activation of a genetic program triggering lineage commitment. 47, 48 This phenomenon is consistent with Almeida's theory that an acute increase in ROS may transiently stimulate osteogenic differentiation. 49 As FOXOs are required for MSCs to maintain low levels of intracellular ROS, increased oxidative stress would require either a reduction in FOXO levels or a phosphorylation-induced inhibition of their transcriptional activity. This phenomenon is supported by Wu.'s study reporting that ablation of PTEN (antagonizing PI3K function) in bone marrow-derived stem cells (BMMSCs) results in the phosphorylation and inhibition of FOXO isoforms via enhancing Akt activation. 50 It is entirely possible that the debilitating effects in the MSCs compartments observed in these mice are due to reduced FOXO activity, resulting in increased oxidative stress that drives differentiation.
| FOXO1/3 assist in osteogenic lineage commitment by binding to Runx2
Runx2 has been shown to be crucial for osteogenic differentiation in numerous studies by determining the lineage of osteoblasts from multipotent MSCs, triggering the expression of major bone matrix protein genes in early progenitors 51, 52 FOXO1 was confirmed to directly target the Runx2 gene during osteoblast differentiation (Figure 2 ) via chromatin immunoprecipitation (ChIP) assays performed by van der Horst et al. 41 Via sequence analysis, three putative FOXO1 binding sites on Runx2 promoter were further discovered; one was between −900 and −1300 kb, and two were below the −900 kb region . 40 This result also revealed that the association between FOXO1 and Runx2 occurs during the early stages (48 hours) of differentiation in C3H10T1/2 cells, 40 and middle stage (days 7 and 14) of differentiation in MC3T3-E1 cells. 53 In addition, as Runx2 is a predominant factor at the early stage, it seems that FOXO1/3 may play a promoting role in early progenitors.
| FOXO1/3/4 inhibit osteogenic lineage commitment by competitive conjunction with Tcf to β-catenin
Via mediating Wnt signal transduction, β-catenin is an essential factor for the commitment of early progenitors to osteoblast precursors. [55] [56] [57] [58] 
The FOXOs mediate the stages of osteogenic differentiation. The debilitating effects of FOXO may lead to excessive oxidative stress, which then drives MSCs to exit from quiescence and initiates differentiation. FOXO1 directly targets the Runx2 promoter to induce promoter activity and Runx2 protein expression, determining the lineage commitment and upregulating the expression of more osteoblastic genes. Increased ROS activates Wnt, which binds to the Frizzled-LRP5/6 receptor complex. As a result, cytosolic β-catenin translocates into the nucleus to bind with and activate Tcf, inducing osteogenesis-related target gene transcription. By binding directly to β-catenin, FOXOs divert β-catenin from Tcf-to FOXO-mediated transcription and attenuate osteogenesis in this way. Moreover, FOXO1 binds to the ALP promoter to promote ALP expression and activity, which are regarded as characteristics of osteoblast precursors maturation. As Bglap2 is a target gene of Runx2, FOXO1 downregulates Runx2-dependent transcriptional activity on Bglap2. Stress signals stimulate the translocation of the FOXO1 and ATF4 complex into the nucleus, enhancing ATF4-dependent OCN expression, GSH and collagen synthesis, and mineralization and differentiation, and ALP has become the most clinically relevant enzyme in the diagnosis of bone diseases. FOXO1 was shown directly to bind to the promoter and the first intron ofBglap2, which was the OCN gene, and inhibit its transcriptional activity in COS-7 cell lines. 30 However, similar binding in osteoblast cell lines has not been reported yet. Instead, FOXO1
was widely known to take part in Runx2-dependent and ATF4-dependent pathways in Bglap2 transcription regulation in osteoblast precursors. As is known, Runx2 is an osteoblastic-specific transcription factor known to increase OCN expression by specifically interacted with a chromatin fragment of the proximal Bglap2 promoter that contains the Runx2-binding site 32 ( Figure 2 ). FOXO1
suppressed the interaction between the Runx2 protein and the Bglap2 promoter, which was proven in loss-and gain-of-function experiments. When FOXO1 was overexpressed or knock down in osteoblasts, a decrease and an increase in the interaction between Runx2 and Bglap2, accompanied by a decrease and an increase in the transcriptional activity of Bglap2, were respectively observed. 32 As to transcription factor ATF4, it could also interact with Bglap2 promoter like Runx2, but consequent ATF4-dependent Bglap2 transcription activity turned out to be not suppressed by FOXO1. 32 Moreover, FOXO1 was shown to interact with ATF4 and promote ATF4 activity, 20 which may suggest an explanation for FOXO1 upregulation OCN in Siqueira's in vitro experiments. 32, 53 Taken together, these results suggest that FOXO1 may balance OCN expression in a two-tiered mechanism involving interrupting the Runx2-enhanced transcriptional activity of Bglap2 and promoting ATF4-enhanced transcriptional activity of Bglap2. Moreover, the former one plays a more dominant role in osteogenesis, 32 while the latter one refers to ATF4 is still a hypothesis and remains to be further tested.
| FOXO1 interacts with ATF4 to enhance formation of mineralized matrix by regulating protein synthesis, oxidative stress and OCN gene transcription
The transcription factor ATF4 is an integral component of a negative-feedback pathway controlling the import of amino acids and the consequential synthesis of glutathione, which is necessary for the formation of mineralized matrix. Via immunehistochemical analysis, FOXO1 and ATF4 were confirmed to be physically associated and co-localized in the cytoplasm and nucleus. 20 When stimuli are absent, the two transcription factors are predominantly located in the cytoplasm. Stress signals stimulate their translocation to the nucleus, where they actively initiate the transcriptional events that protect cellular functionality. This interaction was revealed to promote both FOXO1 and ATF4 activity (Figure 2 ), like FOXO1-targeted gene transcription and ATF4-mediated protein synthesis (glutathione and collagen). 20 In turn, FOXO1 ablation interrupts the activity of ATF4 and then compromises glutathione and collagen synthesis. 20 The former one leads to a subsequent increase in ROS, and the latter one results in a decrease in osteoid surface mineralization. 20 Moreover, OCN is also an ATF4 target gene in osteoblasts, 69 which may provide another explanation for the significant reduction of upregulated OCN expression during osteogenic induction when FOXO1 was knocked down by siRNA or shRNA. 53 Collectively, FOXO1 enhances formation of mineralized matrix by interacting with ATF4 and promoting ATF4-mediated protein synthesis and oxidative stress control in osteoblasts.
| FOXOs mediate apoptosis in osteoblasts
Apoptosis is necessary in bone remodelling and plays a critical role in maintaining skeletal homoeostasis, especially after the completion of osteoblasts differentiation. 70 In vitro, FOXO1/3 and a proapoptotic molecule, Bad, were expressed in primary osteoblasts and the osteoblastic cell line MC3T3-E1. 71 Bcl-2-interacting mediator of cell death (Bim) is another important regulator of osteoblast apoptosis. Apoptotic stimuli, such as hypoxia, serum deprivation, oxidative stress, radiation and growth factor, upregulate Bim expression in osteoblasts, leading to their apoptosis. 72 Serum deprivation induces the nuclear entry of FOXO3, which in turn transcriptionally increases Bim expression. Conversely, FOXO3 ablation attenuates Bim expression. 71 Akt mediates phosphorylation of FOXO1/3 and prevents its nuclear translocation, which suppresses the transactivation of its target gene Bim in osteoblasts. 71, 73 Thus, nucleus translocation of FOXO3 may promote apoptosis by targeting Bim.
Oxidative stress, stimuli of apoptosis, could result from deletion of FOXO1/3/4 in mice. And oxidative stress-induced apoptosis of osteoblast and osteocyte may be, at least partly, responsible for accompanied decrease in bone mass. 12 In turn, overexpression of FOXO3 in vivo, similar to the antioxidants NAC, prevents oxidative stress-induced apoptosis, further strengthening the contention that FOXO3 exerts antiapoptosis actions in osteoblasts. 12 In general, FOXO3 may prevent osteoblasts from oxidative stress-induced apoptosis, while the nuclear translocation of FOXO3 may play a pro-apoptosis role in osteoblasts. competed with mRNA for binding to miR-182 and thus antagonized the 3'UTR-binding-dependent inhibitory effects of miRNA-182 on FOXO1. 83 In this way, IncRNA-POIR increases the osteogenic differentiation of hPDLCs from periodontitis patients.
| MicroRNAs mediate osteogenic differentiation by targeting FOXO members
By targeting endogenous human FOXO1, miR-183 negatively regulates cellular proliferation and positively regulates cellular invasion. 47 It seems that only the human FOXO1 3'UTR contains a functional miR-183 site, and mouse FOXO1 cannot be regulated by miR-183. 47 Human FOXO1 was found to contain two sites predicted to confer miR-183-mediated post-transcriptional regulation: one specific to humans and the other conserved. 47 In addition, miR-705 expression was observed to be increased in both osteoporosis BMMSCs and ovariectomy bone tissues by microarray analysis. Via loss-and gain-of function assays, it was revealed that miR-705 deficiency increased FOXO1 protein accumulation, while overexpression of miR-705 significantly decreased FOXO1 protein levels. Thus, miR-705 was predicted to target the FOXO1 mRNA 3'UTR and acts as a novel regulator of FOXO1 via post-transcriptional regulation in BMMSCs. 84 It is known that diabetes is a secondary cause of osteoporosis, and IGF1/insulin signalling is reported to regulate postnatal bone remodelling via the PI3K/Akt pathway, as described above. 88, 91 IGF1, which is a growth factor, could phosphorylate Akt and thereby inactivates FOXO transcription factors. The IGF1 receptor and insulin receptor are both expressed in osteoblasts, and specific deletion of insulin receptor severely impairs osteogenic differentiation. 88 This impairment was explained by an IGF1/insulin/Akt/FOXO pathway proposed by Stitt. 92 In this theory, IGF1/insulin phosphorylated and exported FOXO1 from the nucleus to the cytoplasm via the PI3K/ Akt pathway ( Figure 3) . Then, IGF1/insulin-induced phosphorylation of FOXO1 was found to enhance its ubiquitination, helping to target FOXO1 for degradation. 93 Further, the IGF1-induced translocation of FOXO1 to the cytoplasm was observed to be abolished by PI3K/ Akt inhibition, which could result from the AMPK pathway. 94 In turn, overexpression of constitutively active FOXO1 significantly upregulated the abundance of IGF1 receptor, insulin receptor and IGF1-induced Akt phosphorylation, 95 suggesting that FOXO1 may provide feedback by promoting insulin and IGF1 receptor signalling via PI3K/Akt pathway. is negatively regulated by a number of survival signalling pathways, such as Erk and Akt. 103 Like Akt, Erk is also preferentially activated in response to growth factors. 104 Phosphorylation by Akt and Erk inhibits FOXO activity by promoting its nuclear export or proteasome-mediated degradation. 105 And the phosphorylation promotes FOXO1/3 nuclear-to-cytosolic translocation.
| CONTE X T-DEPENDENT P OS T-TR ANS L ATIONAL MODIFIC ATIONS OF FOXOS: THE AC TIVATI ON OR S ILEN CING OF FOXOS
| AMPK reverses
JNK is responsible for FOXO activation under stress conditions. 106 Early evidences have shown that growth factor-activated Akt and stress-activated JNK have opposing effects on FOXO; Akt prevents FOXO1/3/4 nuclear localization and inhibits its activity, whereas JNK increases FOXO1/3/4 activity by promoting its import into the nucleus of stem cells. 107, 108 Furthermore, Akt inhibition was proven to lead to increased JNK phosphorylation in islet cells, and this could be reversed by the specific JNK inhibitor SP600125. 109 JNK could directly phosphorylate FOXO4 at T447 and T451, inducing FOXO4 activation and retaining FOXO4 in the nucleus in NIH3T3 cells. 107 Additionally, JNK was proven to phosphorylate 14-3-3 at S184 110 and then release FOXO to enter the nucleus in colon cancer cells. 
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